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conditions, ARF-BP1/Mule does not downregulate p53
and Mcl-1 simultaneously. The biological and molecular
principles that guide the selective choice of targets by
ARF-BP1 may therefore hold the key to the enigma.
Owing to its ability to control the levels of key mole-
cules such as p53 and Mcl-1, ARF-BP1/Mule is likely
to be important in cell fate determination. Its large size
suggests that, in addition to the HECT E3 domain and
the structural motifs mediating binding of p53 and
Mcl-1, ARF-BP1/Mule may hide numerous additional
molecular secrets. Future work should unravel those
secrets and enable the proper positioning of ARF-BP1/
Mule within the highly dynamic network of signals that
underpins cell fate decisions.
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A Disulfide Relay System
in Mitochondria
In this issue of Cell, Mesecke et al. (2005) show that
there is a disulfide relay system in the intermembrane
space (IMS) of mitochondria that is comprised of the
proteins Mia40 and Erv1. This disulfide relay system
promotes the import and oxidative folding of proteins.
Oxidized Mia40 traps newly imported proteins through
mixed disulfide bridges. Subsequent isomerization of
these disulfide bridges allows the imported protein to
be folded in the IMS. The reduced Mia40 generated isthen reoxidized by the sulfhydryl oxidase Erv1, pro-
moting the next round of disulfide exchange. The new
work clarifies the molecular function of Mia40 and re-
veals Mia40 to be the first physiological substrate for
the FAD-linked Erv1.
All proteins of the mitochondrial intermembrane space
(IMS) are synthesized in the cell cytosol and are then
imported into the mitochondria. Most of them do not
contain any cleavable sequences and are targeted to
the mitochondrial IMS by as yet unidentified import sig-
nals. The IMS import pathway differs from that of pro-
teins targeted to the mitochondrial inner membrane or
matrix because import of proteins to the IMS does not
require ATP or an inner membrane electric potential. It
is generally thought that folding of these proteins in the
IMS, often facilitated by cofactor binding or association
with multiprotein complexes, may provide a mecha-
nism for retaining these proteins in mitochondria. This
is particularly important for proteins that exist in both
the cytosol and the IMS.
It has recently been found that Mia40 (also called
Tim40) is the first component of an IMS-specific protein
import pathway (Chacinska et al., 2004; Naoe et al.,
2004; Terziyska et al., 2005) (see Figure 1). Yeast Mia40
is an essential gene with homologs in fungi, plants, and
animals. Depletion of Mia40 or abrogation of its func-
tion through mutation block the import of small cys-
teine-rich IMS proteins (such as members of the small
Tim family and Cox17) but not of proteins targeted to
the mitochondrial matrix or the inner membrane. Mia40
binds transiently to precursor proteins imported into
the IMS, facilitating their passage across the outer
membrane and their retention in the IMS. Mia40 has
six conserved cysteines (four of which form a duplicate
CX9C motif) that are essential for its function (Naoe et
al., 2004), although their exact role is unknown. The
cysteines of Mia40 have been proposed to interact with
precursor protein substrates imported into the IMS be-
cause the amount of substrate accumulated in Mia40
complexes decreases in the presence of reducing
agents but is stabilized by CuCl2, which induces cross-
linking of disulfide bonds (Chacinska et al., 2004).
In the new work, Mesecke et al. (2005) develop this
point further with their demonstration that Mia40 forms
a transient intermediate with imported precursor pro-
teins via an intermolecular disulfide bond. Subsequent
isomerization of this disulfide bond results in oxidation
of the imported precursor protein, which now contains
an intramolecular disulfide bond and can proceed with
folding. Using Tim13 (a protein containing the CX3C
motif) and Cox17 (a protein containing the CX9C motif)
as substrates, the authors show that radioactively
tagged precursor proteins or purified Tim13 and Cox17
can be linked to Mia40 via DTT-sensitive disulfide
bridges (mixed disulfides). Furthermore, conditions that
keep Mia40 in a reduced state seem to block the import
of Tim13 and Cox17 into the IMS. In addition, high con-
centrations of DTT also blocked the import of Tim13
and Cox17 both in vivo and in vitro. In contrast, low
concentrations of DTT (below 5 mM) actually boosted
the import of Tim13 and Cox17, in agreement with a
previous study by Lu et al. (2004a) showing that oxida-
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966Figure 1. Import and Folding of Cysteine-
Rich Proteins in the Intermembrane Space
of Mitochondria
Central to the import and folding of cysteine-
rich proteins in the mitochondrial IMS is the
Mia40/Erv1 redox cycle (circle) involving a
disulfide bond relay system. The precursor
protein to be imported into the IMS first is
reduced in the cytosol and then is translo-
cated through the TOM channel into the
mitochondria in its reduced form. The re-
duced protein forms a transient intermolecu-
lar disulfide bridge with the oxidized form of
Mia40. This results in oxidation of the pre-
cursor protein that now contains an intramo-
lecular disulfide bond and is able to undergo
folding in the IMS. The precursor protein
may need to undergo repeated cycles of oxi-
dation and disulfide bond isomerization to
ensure proper folding. Protein folding may
involve additional pathways, for example, in
the case of Cox17 binding to metals or in
the case of the Tim proteins, assembly of an
hetero-oligomer composed of oxidized sub-
units (shown here as the SAXS structure of
the TIM10 complex; Lu et al., 2004b).tion prior to import blocks translocation through the s
oTOM channel.
Mia40 can also bind to metals (Terziyska et al., 2005; f
mChacinska et al., 2004), which may be relevant for the
maturation of some proteins in the IMS. In this respect, p
gMia40 may have a similar function to CCS, the chaper-
one that brings copper to superoxide dismutase M
o(SOD1). CCS forms mixed disulfide bonds with SOD1
upon its import as an apoprotein (Field et al., 2003). p
lSubsequent isomerization of the mixed disulfide bonds
to form an intramolecular SOD1 disulfide bond result in
rbinding of copper and release of SOD1 in its folded
conformation (Furukawa et al., 2004). p
fTo regenerate its active form after donating a disul-
fide bond to the incoming precursor protein, Mia40 t
tneeds to become reoxidized in the IMS. But how does
this happen? Mesecke and colleagues address this co- M
tnundrum by fingering the FAD-linked sulfhydryl oxi-
dase, Erv1 (Lee et al., 2000). So far, no substrates have p
ebeen identified for Erv1 in vivo. First, the authors show
that in Erv1-depleted cells, there is a marked reduction a
din the amount of IMS proteins. Second, using an Mia40-
His-tagged protein and a coimmunoprecipitation assay, p
the investigators discovered a direct interaction be-
tween Mia40 and Erv1. Third, they report that in Erv1- c
pdepleted cells, Mia40 seems to remain in a reduced
state. Conversely, when Erv1 is overexpressed, there is t
Ean increase in the amount of oxidized Mia40. Here, a
word of caution is probably warranted. The authors as- eessed the presence of the reduced or oxidized form
f Mia40 through the differential migration of the two
orms on a gel. A previous study suggests that Mia40
ay migrate aberrantly in gels due to its highly acidic
I (Chacinska et al., 2004). To confirm this point and to
ain a better understanding of the disulfide bonds in
ia40, more detailed studies with thiol-trapping meth-
ds are needed. Collectively, however, the new data
oint to the exciting conclusion that Mia40 is a physio-
ogical substrate of the sulfhydryl oxidase Erv1.
The Mesecke et al. study is of major interest for two
easons to those studying the import into the IMS of
roteins containing conserved cysteines. First is the
act that Mia40 donates at least one disulfide bond to
he incoming precursor protein. Second is the notion
hat Erv1 plays a key role in the oxidation cycle of
ia40, thus linking this essential FAD-linked oxidase to
he import process. Earlier studies had already pro-
osed an oxidative folding pathway in mitochondria (Lu
t al., 2004a; Lu et al., 2004b). The data of Mesecke
nd coworkers provide direct support for this notion by
efining Mia40 as the oxidizing component of this
athway.
The Mesecke et al. study sets the stage for a more
omplete understanding of the redox-dependent im-
ort pathway of mitochondria. However, several impor-
ant questions remain. What happens downstream of
rv1 oxidation of Mia40, that is, what is the final
lectron acceptor for this oxidative folding pathway? It
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967is tempting to speculate that, as in the bacterial per-
iplasm, the final acceptor may be the chain of respira-
tory proteins, but this is speculation. Does Mia40 ran-
domly oxidize any free sulphydryl groups on the imported
precursor protein substrates? How can the correct di-
sulfide bonds form in this case? Is there a distinct isom-
erase function (with no net electron transfer) associated
with the Mia40 oxidation-reduction cycle? If so, how
are additional disulfide bonds formed? For cases such
as the small Tim proteins that must maintain all of their
cysteines in an oxidized state to ensure correct assem-
bly (Lu et al., 2004a; Curran et al., 2002), it is conceiv-
able that once the first disulfide bond is formed, forma-
tion of the second disulfide bond is facilitated by
juxtaposition of the two remaining cysteines (Allen et
al., 2003). An electron acceptor is still necessary for this
second oxidation step, but whether it turns out to be
Mia40 remains an open question. Hot13 has also been
suggested to influence the assembly of small Tim pro-
teins (Curran et al., 2004), but how is this relevant to
the Mia40/Erv1 cycle? Mesecke et al. propose that
Hot13 may operate in an as yet undiscovered reductive
pathway, but its exact role awaits elucidation. It is still
unclear what happens after Mia40-mediated oxidation
of the imported substrate and how the substrate is re-
leased. Indeed, different substrates may have different
fates. For example, Cox17 exists as two conformers
(Arnesano et al., 2005): in one, copper is bound and in
addition there are two disulfide bonds, whereas the
other is an oligomeric copper conformer containing no
disulfide bonds. However, it is still unclear which of the
two conformers is the physiological form of Cox17. Fi-
nally, the need for Erv1 in the maturation of cytosolic
proteins containing Fe-S clusters (Lange et al., 2001)
raises the intriguing possibility that the disulfide relay
system is not limited to the import and folding of IMS
proteins but rather may also be involved in the export
of Fe-S cluster proteins from the mitochondrial matrix
to the cell cytosol.
Given the evolutionary relationship of the mitochon-
drial IMS to the bacterial periplasm, one cannot help
but draw parallels between the function of mitochon-
drial Erv1 and its bacterial counterpart dsbB, which is
functionally related to Erv2 of the eukaryotic endoplas-
mic reticulum. Erv1 oxidizes Mia40, and dsbB oxidizes
dsbA. These proteins in turn oxidize translocated sub-
strates. The new findings may relieve some of the initial
skeptisicm about the idea of oxidative protein folding
in mitochondria. This idea is, after all, counterintuitive
given the fact that the mitochondrial IMS is thought to
be in equilibrium with the cell cytosol, with free ex-
change of metabolites between the IMS and cytosol via
porin channels. However, defining specific redox part-
ners, such as Erv1, Mia40, and possibly Hot13, should
help to elucidate further the mechanisms involved in
oxidative protein folding. We have identified just the tip
of the iceberg of an unexpected mechanism that may
be crucial for the physiological response of cells to re-
dox conditions.
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